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Mechanism of Action of rab3A in Mossy Fiber LTP
rab3A in limiting the amount of Ca21-dependent gluta-GyoÈ rgy Lonart,* Roger Janz,* Kenneth M. Johnson,²
mate release (Geppert et al., 1994, 1997). As a result,and Thomas C. SuÈ dhof*³
evoked glutamate release is enhanced, and repetitive*Center for Basic Neuroscience
stimulation leads to a faster rundown of synaptic re-The Department of Molecular Genetics
sponses in the absence of rab3A. These findings revealHoward Hughes Medical Institute
a general activity for rab3A in regulating synaptic vesicleThe University of Texas Southwestern Medical Center
fusion, suggesting that rab3A-deficient mice may beDallas, Texas 75235
unable to produce mfLTP because glutamate release²The Department of Pharmacology and Toxicology
is already potentiated. An unexpected finding in theseThe University of Texas Medical Branch
studies, however, was the observation that forskolin stillGalveston, Texas 77555
enhanced synaptic transmission in mossy fiber syn-
apses in the rab3A knockout mice (Castillo et al., 1997).
Forskolin acts by increasing cAMP levels and was usedSummary
to induce mfLTP as a pharmacological alternative to
tetanic stimulation, which is also thought to act by ele-
In mossy fiber synapses of the hippocampal CA3 re-
vating cAMP levels (Huang et al., 1994; Weisskopf et
gion, LTP is induced by cAMP and requires the synap- al., 1994). Since both procedures presumably operate
tic vesicle protein rab3A. In contrast, CA1-region syn- on the same pathway, it was puzzling that tetanic stimu-
apses do not exhibit this type of LTP. We now show lation in the rab3A knockout mice was unable to induce
that cAMP enhances glutamate release from CA3 but mfLTP but forskolin still enhanced synaptic transmis-
not CA1 synaptosomes by (1) increasing the readily sion (Bean and Scheller, 1997).
releasable pool as tested by hypertonic sucrose; (2) rab3A is a low molecular weight GTP-binding protein.
potentiating release evoked by KCl depolarization, rab3A probably functions in exocytosis by interacting
which opens voltage-gated Ca21 channels; and (3) by in a GTP-dependent manner with at least two effector
enhancing Ca21 action on the secretory apparatus as proteins, rabphilin and RIM (Shirataki et al., 1993; Li et
monitored by the Ca21-ionophore ionomycin. In rab3A- al., 1994; Wang et al., 1997). rab3A and its effectors are
deficient synaptosomes, forskolin still enhances KCl- ubiquitously present in nearly all synapses, with no en-
and sucrose-induced glutamate release but not iono- richment in mossy fiber terminals (Li et al., 1994; Wang
mycin-induced release. Our results show that cAMP et al., 1997). Since mfLTP induced by tetanic stimulation
has multiple actions in mossy fiber synapses, of which requires both PKA and rab3A, it seems likely that rab3A
only the direct activation of the secretory apparatus or its effectors are substrates for PKA in mfLTP induc-
requires rab3A and functions in mfLTP. tion. Phosphorylation studies revealed that rab3A is not
a PKA substrate but that its effectors rabphilin and RIM
are phosphorylated (Lonart and SuÈ dhof, 1998; unpub-Introduction
lished observations). Interestingly, forskolin increased
the phosphorylation of rabphilin only in CA3/mossy fiberAt least two distinct forms of long-term potentiation
synaptosomes but not in CA1 synaptosomes, although(LTP) are expressed in the hippocampus: a form that is
rabphilin was similarly present in CA3 and CA1 synapto-induced postsynaptically in the CA1 region by activation
somes (Lonart and SuÈ dhof, 1998). The region-specificof NMDA receptors, and a form that is induced presyn-
phosphorylation of rabphilin supports the hypothesis thataptically in the CA3 region by increases in cAMP (re-
phosphorylation of rab3A effectors is involved in theviewed in Hawkins et al., 1993; Nicoll and Malenka, 1995;
induction of mfLTP. It also suggests a possible explana-Goda and Stevens, 1996). The second form of LTP, re-
tion for the paradox that mfLTP is specific for mossyferred to as mossy fiber LTP (mfLTP), probably repre-
fiber terminals in the hippocampus although PKA, rab3A,sents a presynaptic potentiation of synaptic efficacy that
RIM, and rabphilin are present in all synapses, indicatinginvolves activation of cAMP-dependent protein kinase A
that the phosphorylation state of PKA substrates is regu-(PKA) (Huang et al., 1994; Weisskopf et al., 1994; Tru-
lated in a region-specific manner even if the expressiondeau et al., 1996). Presumably, PKA acts by phosphory-
of the respective proteins is not.
lating unknown substrates in the nerve terminal, but the
The current data suggest a model for induction of
downstream mechanisms are unclear. A similar form of mfLTP: PKA phosphorylates downstream effectors of
synaptic plasticity was described in the cerebellum (Salin rab3A, which then mediate increases in glutamate re-
et al., 1996; Chen and Regehr, 1997). lease. According to this model, the region specificity of
Recent studies with knockout mice lacking the synap- mfLTP is determined by regulation of the phosphoryla-
tic vesicle protein rab3A showed that mfLTP cannot be tion state of the PKA substrate. However, the data avail-
elicited by normal tetanic stimulation in the absence of able at present also raise a number of questions. First,
rab3A (Castillo et al., 1997). This observation established what is the point of action of rab3A in mfLTP? Second,
a direct link between mfLTP and the secretory machin- what are the functional effects of increases in cAMP
ery. Other studies demonstrated a general function for induced by forskolin? Finally, why does forskolin still
enhance glutamate release from mossy fiber terminals
even though mfLTP cannot be elicited by tetanic stimu-³ To whom correspondence should be addressed (e-mail: TSudho@
Mednet.swmed.edu). lation? In the current study, we have used a biochemical
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approach to investigate the mechanism of forskolin ac-
tion in mossy fiber nerve terminals and its relation to
mfLTP. Our data show that forskolin has multiple effects
on glutamate release. Forskolin augments the size of
the readily releasable pool of glutamate, increases the
ability of membrane depolarization to evoke release,
and potentiates Ca21 action in exocytosis. We show that
the actions of forskolin on mossy fiber nerve terminals
are not significantly changed in rab3A-deficient mice
except for its direct effect on Ca21-dependent release,
thereby linking this effect to mfLTP. These data place
rab3A directly into the regulatory machinery that gov-
erns mfLTP and show that only one of the actions of
forskolin, its direct effect on Ca21-dependent release
downstream of Ca21 influx, is involved in mfLTP.
Results
Glutamate Release from Mossy
Fiber Synaptosomes
We showed previously that synaptosomes from the CA1
and CA3 regions of the hippocampus are metabolically
active but exhibit distinct patterns of protein phosphory-
lation (Lonart and SuÈ dhof, 1998). This result suggested
that the two types of synaptosomes retain functional
differences and could potentially be used for biochemi-
cal studies of the synapse-specific regulation of gluta-
mate release, such as mfLTP. To explore this possibility,
Figure 1. 3H-Glutamate Release from Mouse CA3 Mossy Fiber Syn-
we examined the fundamental characteristics of gluta- aptosomes
mate release from CA3 region synaptosomes (corre- (A) Ca21 dependence of 3H-glutamate release evoked by KCl depo-
sponding to mossy fibers) and CA1 region synapto- larization. Superfused synaptosomes were depolarized for 30 s with
somes. 25 mM KCl (hatched bar) in Krebs-bicarbonate buffer containing
Ca21 without or with 0.2 mM Cd21 (as a Ca21 channel blocker), orWe preloaded synaptosomes from the CA1 and CA3
in Ca21-free Krebs-bicarbonate buffer with 0.1 mM EGTA. To controlregions of rat and mouse hippocampus with 3H-gluta-
for artifactual changes in 3H-glutamate efflux by switches of themate and measured glutamate efflux in a superfusion
superfusion lines, lines were also switched from normal Ca21-con-
chamber (Figure 1 and data not shown). Continuous taining Krebs-bicarbonate buffer to the same buffer (Baseline).
superfusion with physiological buffer provided a stable (B) Ca21 dependence of 3H-glutamate release triggered by the Ca21-
baseline. When we applied a short pulse of 25 mM KCl, ionophore ionomycin. Ionomycin (5 mM) was applied for 30 s
(hatched box) in Ca21-containing or Ca21-free Krebs-bicarbonatethis relatively mild depolarizing condition caused signifi-
buffer as described above.cant glutamate release that was dependent on Ca21
(C) Ca21 dependence of 3H-glutamate release induced by hypertonic(Figure 1A). KCl-evoked release was inhibited by Cd21,
sucrose. Synaptosomes were stimulated by a 30 s pulse of 0.5 M
a broad spectrum Ca21-channel blocker. These results sucrose in Ca21-containing and Ca21-free Krebs-bicarbonate buffer
suggest that membrane depolarization gates Ca21 influx (hatched box). Plots show the fraction of 3H-glutamate released at
through voltage-gated channels, and that Ca21 then trig- a given time as percent of the total 3H-glutamate present in the
synaptosomes at that particular time point (Fractional 3H-glutamategers Ca21-dependent glutamate release. To test this,
efflux). Traces show representative experiments repeated multiplewe applied a short stimulus of ionomycin (5 mM for
times. Similar results were obtained with rat CA3 and with mouse30 s). Ionomycin, a Ca21-selective ionophore, mediates
and rat CA1 synaptosomes (data not shown).
direct Ca21 influx into the terminals, thereby bypassing
voltage-gated Ca21 channels and the need for mem-
brane depolarization. Similar to KCl depolarization, iono- with CA1 region synaptosomes with identical results
(data not shown).mycin caused glutamate efflux from the synaptosomes
only in the presence of Ca21 (Figure 1B). Ionomycin- Electrophysiological studies have shown that gluta-
mate release can be triggered from nerve terminals byinduced release was larger and more prolonged than
release elicited by KCl depolarization, presumably be- hypertonic sucrose in addition to Ca21 influx (Fatt and
Katz, 1952). Hypertonic sucrose stimulates exocytosiscause higher, long-lasting Ca21 concentrations were
achieved in the nerve terminals. This result suggests of the readily releasable pool of vesicles by an unknown,
Ca21-independent mechanism (Rosenmund and Ste-that Ca21 influx is the limiting factor in glutamate release
under the relatively mild depolarizing conditions of our vens, 1996). Therefore, we tested whether hypertonic
sucrose also elicited release in synaptosomes. Hyper-KCl experiments. Thus, the KCl-induced release mea-
surements report both Ca21 influx and Ca21 action; in tonic sucrose was effective in both types of synapto-
somes and did not require Ca21 in the extracellular me-contrast, ionomycin bypasses Ca21 influx and only re-
ports Ca21 action. Similar experiments were performed dium (Figure 1C, and data not shown). To test whether
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KCl or sucrose alone, or with both combined (Figure 2B).
Quantitation of release in multiple experiments showed
that sucrose was more effective than KCl depolarization
in triggering release, but that KCl and sucrose were no
more effective than sucrose alone (Figure 2C). These
results agree well with the electrophysiological observa-
tions and suggest that the standard procedures used
in electrophysiological studies to examine glutamate re-
lease (membrane depolarization, Ca21 influx, and hyper-
tonic sucrose) can also be applied to CA1 and CA3
region synaptosomes.
Forskolin Enhances Glutamate Release from CA3
Mossy Fiber Synaptosomes but Not
from CA1 Synaptosomes
The regulation of glutamate release differs dramatically
between mossy fiber nerve terminals in the CA3 region
and Schaffer collateral terminals in the CA1 region of the
hippocampus. In mossy fibers, treatments that increase
intracellular cAMP levels, such as forskolin, produce a
large and long-lasting potentiation of glutamate release
(Huang et al., 1994; Weisskopf et al., 1994). In contrast,
activation of type 3 metabotropic glutamate receptors
suppresses cAMP levels and decreases glutamate re-
lease (Kamiya et al., 1996). In synapses of the CA1 re-
gion, however, elevations in cAMP levels have only mod-
erate effects on glutamate release (Chavez-Noriega and
Stevens, 1994).Figure 2. Characterization of 3H-Glutamate Release Triggered by
To test whether the region-specific regulation of gluta-Hypertonic Sucrose
mate release is retained in synaptosomes, we incubated(A) Effect of thapsigargin, an inhibitor of the endoplasmic reticulum
CA1 and CA3 region synaptosomes with 50 mM forskolinCa21-ATPase. Synaptosomes were superfused for 12 min with Ca21-
free buffer with or without 1 mM thapsigargin prior to stimulation by or control buffer, washed the synaptosomes exten-
0.5 M sucrose for 30 s (hatched box). Graph shows a representative sively, and then measured basal and KCl-stimulated glu-
experiment that was repeated multiple times with identical results. tamate release. We observed no significant change in
(B) Representative experiment to determine whether hypertonic su-
the basal release rate from either type of synaptosome,crose and KCl depolarization trigger exocytosis from the same
and in KCl-induced glutamate release from CA1 synap-3H-glutamate pool. Glutamate release was evoked in superfused
tosomes (Figure 3A). Mossy fiber synaptosomes, how-synaptosomes by 30 s pulses of either 0.5 M sucrose, 25 mM KCl,
or both (hatched box). ever, exhibited a marked potentiation of KCl-induced
(C) Summary graph of experiments measuring the fractional release release after forskolin treatment (Figure 3B). The extent
of 3H-glutamate evoked by application of 25 mM KCl, 0.5 M sucrose, of potentiation varied from 145%±350% of control in
or a combination of both. In multiple individual experiments, the
CA3 mossy fiber synaptosomes, whereas CA1 synapto-amount of evoked 3H-glutamate release above baseline was inte-
somes never exhibited a significant increase. Fiftygrated for the entire peak for each stimulation condition. Graphs
micromolar forskolin had a maximal effect; other con-show means 6 SEM (n 5 6).
centrations (5, 15, and 150 mM) produced smaller poten-
tiations (data not shown). As predicted by the electro-
physiological findings, treatments of the mossy fibersucrose action requires mobilization of Ca21 from inter-
nal stores, we emptied internal Ca21 stores by exposing synaptosomes with 10 mM L-AP4, a type 3 metabotropic
glutamate receptor agonist, suppressed glutamate re-synaptosomes to thapsigargin, an inhibitor of endoplas-
mic reticulum Ca21-ATPase. For this purpose, we washed lease by 70% (data not shown). These results suggest
that mossy fiber synaptosomes, as a biochemical prepa-and resuspended the synaptosomes in Ca21-free buffer
(which regularly contains 0.1 mM EGTA) and treated ration, faithfully reproduce the regulatory properties of
the synapses from which they were derived.them with 1 mM thapsigargin or control buffer for 12 min.
When we then challenged them with hypertonic sucrose, It is possible that the radioactive 3H-glutamate used
in our release experiments is metabolized, or that thethe thapsigargin-treated synaptosomes released gluta-
mate as well as control synaptosomes, indicating that 3H-glutamate is disproportionately distribruted between
the cellular glutamate pools. As a consequence, theinternal Ca21 stores are not essential (Figure 2A).
In electrophysiological experiments, membrane depo- release rates measured may not accurately reflect gluta-
mate release. To control for this possibility, we per-larization and hypertonic sucrose stimulate exocytosis
of the same pool of releasable glutamate despite their formed direct measurements of endogenous glutamate
released from CA3 mossy fiber and CA1 region synapto-differential Ca21 requirements (Rosenmund and Ste-
vens, 1996). To determine whether this also applies to somes (Figure 4). Glutamate efflux was determined by
HPLC quantitation after chemical derivatization. Thesynaptosomes, we stimulated synaptosomes either with
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Figure 4. Effect of Forskolin on Release of Endogenous Glutamate
from Rat CA1 and CA3 Mossy Fiber Synaptosomes
Figure 3. Effect of Forskolin on 3H-Glutamate Release from Mouse (A) and (B) show representative experiments, and (C) shows a sum-
CA1 and CA3 (Mossy Fiber) Synaptosomes mary graph from multiple experiments. Synaptosomal glutamate
release was stimulated with a 1 min pulse of 20 mM KCl (hatched(A and B) Representative experiments with CA1 (A) and CA3 (B)
box). Release of endogenous glutamate was measured by HPLCsynaptosomes pretreated with DMSO alone (control) or with DMSO
after chemical derivatization with fluorometric detection. KCl-containing forskolin. Synaptosomal 3H-glutamate release was trig-
evoked release was calculated as the ratio between the peak andgered with 25 mM KCl for 30 s (hatched box).
basal release. Control values were set at 100% for each individual(C) Summary graph of the effects of forskolin on 3H-glutamate re-
experiment. Statistical analysis was performed as described abovelease from CA1 and CA3 mossy fiber synaptosomes. The amount of
(asterisk, p , 0.05; n 5 3±4).KCl-triggered 3H-glutamate release above baseline was integrated
over the total experiment. 3H-glutamate release under control condi-
tions was set as 100%. Release after forskolin treatment was calcu-
resistant similar to the electrophysiological results (Hu-lated by comparison to the control. Kruskal-Wallis one-way analysis
on ranks followed by Dunn's method for pairwise comparisons was ang et al., 1994; Weisskopf et al., 1994). Thus, purified
used to determine statistically significant effects (asterisk, p , 0.05; CA1 and CA3 mossy fiber synaptosomes retain key
n 5 4±8). properties of the synapses from which they are derived.
Specificity and Points of Action of Forskolinamount of basal and KCl-induced glutamate release de-
in Glutamate Releasetermined in this manner was very similar between CA1
Where does forskolin act in potentiating glutamate re-and CA3 synaptosomes in agreement with the 3H-gluta-
lease from mossy fiber synaptosomes? It is conceivablemate results (Table 1). Basal glutamate release was not
that forskolin increases the readily releasable pool ofchanged by forskolin in either type of synaptosomes.
glutamate as measured with hypertonic sucrose. Alter-Forskolin had no effect on KCl-evoked release in CA1
natively, forskolin could primarily affect channels andsynaptosomes but again strongly enhanced release in
CA3/mossy fiber synaptosomes similar to the experi-
ments with 3H-glutamate (Figure 4). Thus, the data from
Table 1. Analysis of Glutamate Release from Superfused
the experiments with radioactive tracer precisely moni- Synaptosomes
tor actual glutamate release.
Peak KClTaken together, our experiments show that a bio-
Basal Release Evoked Releasechemical preparation, synaptosomes, retains a salient
CA1 Synaptosomes 49.5 6 5.9 221.3 6 31.1electrophysiological feature of CA1 and CA3 synapses:
CA3 Synaptosomes 57.3 6 3.4 251.3 6 24.5selective enhancement of glutamate release from CA3
but not CA1 nerve terminals by forskolin, and depression Numbers shown are pmol glutamate released per mg protein and
per minute, measured in the perfusate of CA1 region and CA3 mossyof release by a type 3 metabotropic glutamate receptor
fiber synaptosomes from rat hippocampus. Glutamate was mea-agonists. Furthermore, since release was measured with
sured by HPLC after chemical derivatization. Numbers are means 6synaptosomes that had been washed extensively after
SEM; n 5 6.
forskolin treatment, the effect of forskolin was wash
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Figure 5. Relative Effects of Forskolin or Sp-cAMPS on 3H-Glutamate Release from CA3 Mossy Fiber Synaptosomes Triggered by KCl or
Ionomycin
(A and B) Representative experiments. Synaptosomes were stimulated by 25 mM KCl (A) or 5 mM ionomycin (B) for 30 s after pretreatment
with control buffer or forskolin.
(C and D) Summary graphs of the effects of forskolin and Sp-cAMPS on 3H-glutamate release triggered by KCl or ionomycin. 3H-glutamate
release induced by KCl or ionomycin was calculated in multiple individual experiments as the area under the peaks. Treatment effects with
forskolin and Sp-cAMPS were calculated as described in Figure 3. Statistical analysis was performed as described above (asterisk, p , 0.05).
increase Ca21 influx caused by membrane depolariza- stronger potentiation of KCl-induced glutamate release
than of ionomycin-evoked release. This finding indicatestion, an effect that would lead to an increase in KCl-
induced release. A third possibility is that forskolin di- that in mossy fiber synaptosomes, forskolin increases
both Ca21 influx activated by KCl depolarization andrectly augments the efficacy of Ca21 action, as probed
by stimulation of release with the Ca21-ionophore iono- Ca21 action as monitored by ionomycin.
Forskolin stimulates cAMP production but may alsomycin, which bypasses voltage-gated Ca21 channels.
To address these possibilities, we compared the effect act by cAMP-independent mechanisms. To ensure that
the forskolin effects observed are due to cAMP, weof forskolin on release triggered by sucrose, KCl, and
ionomycin. performed several control experiments. First, to analyze
the specificity of forskolin we tested an isomer of for-We first examined ionomycin-induced release. Similar
to KCl-triggered release, forskolin potentiated release skolin, 1,9-dideoxyforskolin. 1,9-dideoxyforskolin does
not activate adenylate cyclase but mimics some of thetriggered by ionomycin, suggesting that forskolin di-
rectly augments Ca21 action in the secretory apparatus cAMP-independent actions of forskolin (Hoshi et al.,
1988). Fifty micromolar 1,9-dideoxyforskolin had no sig-(Figure 5B). However, the degree of release potentiation
was smaller for ionomycin than for KCl (Figure 5C). This nificant effect on K1-evoked glutamate release from CA3
mossy fiber synaptosomes, indicating that the majorityindicates that not all effects of forskolin on KCl-triggered
release are explained by direct action of forskolin on of forskolin's action is related to an increase in cAMP
level (data not shown). Second, to probe whether a pro-the Ca21-dependent release apparatus as monitored by
ionomycin. On the average, forskolin potentiated KCl- tein kinase such as PKA is involved in the forskolin
effect, we measured the effect of H-89, a cell-permeableevoked release by 75% but ionomycin-evoked release
by only 25%. Since 5 mM ionomycin stimulated more protein kinase inhibitor. Synaptosomes were preincu-
bated with 3 mM H-89 for 10 min, and H-89 was retainedglutamate release than 25 mM KCl, one might argue
that the amount of release induced by ionomycin is close in the experimental buffer during forskolin treatment.
This partly reduced the forskolin enhancement but didto saturation and prevents large additional increases.
However, this does not appear to be the case. Doubling not completely abolish it, suggesting that forskolin acts
at least partially by activating PKA (data not shown).the ionmycin concentration to 10 mM more than doubles
the amount of release; thus, the ionomycin concentra- Third, we used a nonhydrolysable cAMP analog, Sp-
cAMPS, to treat synaptosomes. Similar to forskolintion used is not saturating (data not shown). Further-
more, the degree of potentiation achieved with forskolin treatments, we found that Sp-cAMPS enhanced gluta-
mate release induced by KCl more than release inducedwas the same when only 2 mM ionomycin was used
instead of 5 mM ionomycin (123% 6 9%; n 5 3). Together by ionomycin (Figure 5D). Together these results docu-
ment that forskolin activates Ca21-dependent glutamatethese data demonstrate that forskolin causes a relatively
Neuron
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Figure 6. Diagram of the Effects of Forskolin in CA3 Mossy Fiber Terminals
Schematic representation of synaptic vesicle docking and fusion with the three points at which forskolin acts to increase glutamate release.
release from CA3 synaptosomes by a cAMP-dependent Requirement for rab3A in the Different
Actions of Forskolinmechanism.
In a final set of experiments, we investigated whether In rab3A knockout mice, mfLTP cannot be induced nor-
mally, but forskolin still enhances glutamate release.forskolin also affected the Ca21-independent release of
glutamate triggered by hypertonic sucrose as a measure This is puzzling because induction of mfLTP involves
of the readily releasable pool. Again we observed signifi-
cant potentiation of release by forskolin (data not shown;
see also Figure 8C below). Together these results indi-
cate that forskolin acts at least at three points in CA3
mossy fiber synaptosomes: to enhance the readily re-
leasable pool of glutamate measured by hypertonic su-
crose, to enhance the magnitude of release stimulated
by KCl depolarization presumably via increasing Ca21




Electrophysiological studies showed that rab3A knock-
out mice exhibit a general increase in evoked glutamate
release and a selective defect in mfLTP in the CA3 region
of the hippocampus (Castillo et al., 1997; Geppert et al.,
1997). To investigate whether the electrophysiological
phenotype translates into a biochemical abnormality, we
compared glutamate release from wild-type and rab3A-
deficient mossy fiber synaptosomes (Figure 7). We
detected no difference in the basal release rate of glu-
tamate. Glutamate release evoked by moderate KCl
depolarization was unchanged, possibly because the
amount of release under these mildly depolarizing con-
Figure 7. Increased Ionomycin-Triggered 3H-Glutamate Release inditions is rather low. However, release triggered by iono-
rab3a Knockout Micemycin was increased significantly in the knockout mice
(A) Representative experiment of 3H-glutamate release from CA3compared to wild-type synaptosomes (Figure 7). This
synaptosomes from wild-type and rab3A knockout mice stimulatedresult is consistent with the previously observed electro-
sequentially with 25 mM KCl followed by 5 mM ionomycin (hatched
physiological phenotype, suggesting a partial disinhibi- boxes).
tion of Ca21-triggered release at a point after Ca21 influx (B) Summary graph. Statistical analysis was performed as described
above (legend to Figure 3; asterisk, p , 0.05; n 5 9±10).(Geppert et al., 1997).
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pool, remained unchanged while the effect of forskolin
on Ca21 action in triggering release was abolished. This
finding confirms the conclusion that forskolin has inde-
pendent effects on KCl- and ionomycin-induced release
(Figure 5). It provides an explanation for the persistent
ability of forskolin to stimulate glutamate release from
mossy fiber terminals in rab3A knockout mice (Castillo
et al., 1997).
cAMP Does Not Regulate Core Complex Assembly
in Mossy Fiber Nerve Terminals
In several systems, rab proteins have been postulated
to regulate the assembly of the core complex formed
by v-SNAREs (synaptobrevin/VAMP) and t-SNARE (syn-
taxin and SNAP-25). To test whether this is the mecha-
nism by which cAMP enhances release in CA3/mossy
fiber synaptosomes, we took advantage of the fact that
the assembled core complex is SDS resistent when not
boiled (Hayashi et al., 1994). We treated CA1 and CA3
synaptosomes with control buffer, forskolin, or Sp-
cAMPS, and analyzed them by SDS-PAGE and immu-
noblotting (Figure 9A). As a positive control, we also
treated synaptosomes with NEM, which inhibits NSF, a
chaperone that normally disassembles the core com-
plex (Sollner et al., 1993). The immunoblots show that
control synaptosomes contain a low percentage of as-
sembled core complex that migrates at approximately
80 kDa and is sensitive to boiling (Figure 9A). This band
was confirmed to include the proteins of the core com-
plex by cutting the corresponding region out of the gelFigure 8. Forskolin Potentiates KCl- and Sucrose-Induced 3H-Glu-
and rerunning it with boiling, demonstrating that synap-tamate Release but Not Ionomycin-Triggered Release in rab3A-Defi-
cient Synaptosomes tobrevin, syntaxin, and SNAP-25 were present (data not
shown).(A) Representative experiment of CA3 synaptosomes from rab3A
knockout mice. Synaptosomes were pretreated with control buffer Quantitation of the ratio of core complex to monomer
or forskolin, and sequentially stimulated with 25 mM KCl and 5 mM showed that treatments of synaptosomes with NEM in-
ionomycin (30 s pulses at hatched boxes). creased the concentration of core complex as expected.
(B) Summary graph of release experiments with KCl and ionomycin
Treatments with forskolin or Sp-cAMPS, however, hadin rab3A-deficient synaptosomes. Statistical analysis was per-
no significant region-specific effect (Figure 9B), arguingformed as described in the legend to Figure 3 (asterisk, p , 0.05;
n 5 9±13). against core complex assembly as a major mechanism
(C) Summary graph of release experiments with hypertonic sucrose in cAMP regulation of glutamate release from mossy
in wild-type and rab3A-deficient synaptosomes. Forskolin treat- fiber nerve terminals.
ments, calculations of release, and statistical analysis were per-
formed as described above (legend to Figure 3; asterisk, p , 0.05;
n 5 6). Discussion
In this study, we established a biochemical preparation
to investigate the regulation of glutamate release incAMP, as does the action of forskolin, suggesting that
some of the effects of forskolin may be unrelated to mossy fiber LTP. We first characterized the fundamental
properties of glutamate release from synaptosomes pu-rab3A and mfLTP. To address this, we analyzed which
of the three actions of forskolin are retained in rab3A rified from the CA1 and the CA3 regions of rat and mouse
hippocampus. We showed that three stimulation pro-knockout mice.
In agreement with the electrophysiology (Castillo et cedures trigger glutamate exocytosis from these syn-
aptosomes by distinct pathways (Figure 6): membraneal., 1997), we detected no significant differences be-
tween wild-type and rab3A-deficient mossy fiber synap- depolarization by KCl, which induces opening of volt-
age-gated Ca21 channels; the Ca21-ionophore iono-tosomes in the forskolin potentiation of glutamate re-
lease induced by KCl depolarization or hypertonic mycin, which introduces Ca21 directly into the cytosol;
and hypertonic sucrose, which acts by an unknownsucrose (Figure 8). Release triggered by ionomycin,
however, was no longer enhanced by forskolin in the Ca21-independent mechanism. Our results show that
KCl-induced and ionomycin-induced release are abso-rab3A-deficient synaptosomes. These data show that
there is a highly selective defect in forskolin action in lutely Ca21 dependent but differ in magnitude. The effect
of KCl was lower than the effect of ionomycin, probablythe knockout mice: the effects of forskolin on KCl-
induced and sucrose-induced release, thought to reflect because the gating of Ca21 channels by membrane de-
polarization results in less Ca21 influx than the flow ofCa21 influx and the size of the readily releasable vesicle
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in the cAMP-dependent regulation of glutamate release.
In mossy fiber synapses of the CA3 region, elevations
of cAMP levels by tetanic stimulation or by forskolin lead
to long-lasting increases in glutamate release (Huang et
al., 1994; Weisskopf et al., 1994). We now show that
CA3/mossy fiber and CA1 synaptosomes also respond
differently to elevations in cAMP: the CA1 synapto-
somes exhibited no significant change in glutamate re-
lease, while the CA3 synaptosomes displayed a large
increase in release. Furthermore, as in electrophysiolog-
ical experiments, CA3/mossy fiber synapses were inhib-
ited by a type 3 metabotropic glutamate receptor ago-
nist. Finally, we showed that the action of forskolin is
mediated by cAMP, since a nonhydrolyzable cAMP ana-
log had the same effects as forskolin, whereas inactive
forskolin analogs did not.
In a third part we investigated the mechanism by
which cAMP increases release from CA3/mossy fiber
nerve terminals. Our data demonstrate that the effects of
cAMP on glutamate release are unexpectedly complex.
Three distinct mechanisms were found (summarized in
Figure 6). First, release stimulated by ionomycin (which
directly introduces Ca21 into the synaptosomes and by-
passes Ca21 channel activation) was moderately en-
hanced, indicating that increases in cAMP have a direct
effect on the secretory apparatus in agreement with the
data by Trudeau et al. (1996). Second, release triggered
by KCl depolarization was more strongly increased thanFigure 9. Effect of Sp-cAMPS, Forskolin, and NEM on Core Com-
release triggered by ionomycin. This suggests thatplex Formation in Synaptosomes
cAMP may cause an increase Ca21 influx prior to Ca21(A) Representative experiment in which CA1 and CA3 synaptosomes
were treated with control buffer, 50 mM Sp-cAMPS, 50 mM forskolin, action, possibly via the cAMP-dependent phosphoryla-
or 100 mM NEM for 10 min, dissolved in SDS-PAGE sample buffer, tion of ion channels. Third, glutamate release induced
and analyzed by immunoblotting with or without boiling of samples. by hypertonic sucrose was also increased after forskolin
Positions of core complexes and monomers on gels are indicated. treatment, but in a Ca21-independent manner. TogetherAsterisks point to unidentified protein complexes that are also sensi-
these data document a multilevel regulatory function oftive to boiling.
cAMP in mossy fiber nerve terminals.(B) Quantitation of core complexes in synaptosomes treated as
described in (A). Immunoblots of pretreated CA1 and CA3 synapto- In a final set of experiments, we used the finding that
somes probed with antibodies to SNAP-25 and 125I-labeled second- rab3A-deficient mice are unable to produce mfLTP (Cas-
ary antibodies were analyzed on a phosphoimager. The ratio of the tillo et al., 1997) to investigate which of the complex
SNAP-25 signal in the core complex and the monomer band was actions of cAMP in glutamate release is involved incalculated for each experimental condition. Treatment effects are
mfLTP. Since mfLTP is induced by elevations in cAMPshown as percent of control. Statistical analysis was performed as
but cAMP has multiple effects in mossy fiber terminals,described in the legend to Figure 3 (asterisk, p , 0.05).
the question arises whether all of the actions of cAMP
are involved in mfLTP. The finding that mfLTP cannotCa21 through a Ca21 ionophore. We also demonstrated
be normally induced in rab3A knockout mice but for-that hypertonic sucrose triggers glutamate release from
skolin still enhances glutamate release suggests thatsynaptosomes Ca21 independently by releasing the
not all points of forskolin action are important in mfLTPsame pool of glutamate as Ca21-dependent release by
and require rab3A. To test this, we investigated synapto-KCl depolarization. In electrophysiological experiments,
somes from rab3A knockout mice. We demonstratedthe vesicle pool that is exocytosed in response to hyper-
that compared to wild-type synaptosomes, synapto-tonic sucrose corresponds to the readily releasable pool
somes from rab3A-deficient mice exhibited an increase(Rosenmund and Stevens, 1996). A subset of this pool
in release stimulated by ionomycin. This is consistentis stimulated by membrane depolarization. Our results
with the electrophysiological observation of a generalshow that glutamate release from synaptosomes in-
increase in glutamate release in rab3A-deficient mice.duced by hypertonic sucrose has properties that are
We then showed that in rab3A-deficient synaptosomes,very similar as those described electrophysiologically.
forskolin still enhanced glutamate release triggered byThis suggests that hypertonic sucrose can also be used
KCl depolarization and by hypertonic sucrose but hadin synaptosomes to monitor the size of the readily re-
no effect on ionomycin-induced release. In other words,leasable pool.
only one of the three actions of forskolin was abolished.In a second set of experiments, we showed that the
This suggests that only the direct action of cAMP onregion-specific differences between synapses in the
the secretory apparatus is important for mfLTP. In addi-CA1 and CA3 region of the hippocampus can be faith-
tion to localizing the action of cAMP in mfLTP, this resultfully reproduced with synaptosomes. CA1 and CA3 syn-
apses exhibit distinct forms of LTP and differ markedly agrees well with the analysis of the point of action of
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resuspended in 10 vol of aerated (95% O2, 5% CO2) Krebs-bicarbon-rab3A in the knockout mice (Geppert et al., 1997). In
ate buffer (pH 7.4; composition in mM: NaCl 118, KCl 3.5, CaCl2both the current and previous experiments, sucrose-
1.25, MgSO4 1.2, KH2PO4, 1.2, NaHCO3 25, and D-glucose 11.5) andtriggered release was unaffected; the only change was
placed on ice.
at the point at which Ca21 acts. Since the current experi-
ment uses a biochemical preparation of synaptosomes Measurements of 3H-Glutamate Release
that is unlikely to be completely pure, the question arises After 90 min of equilibration on ice, synaptosomes were incubated
whether the three different actions of forskolin represent with 0.2 mM 3H-glutamate (15 mCi/mmol specific activity) for 5 min
at 358C to label the releasable glutamate pool. Synaptosomes weredifferent types of nerve terminals. The previous electro-
then used directly or treated with forskolin, Sp-cAMPS, NEM, orphysiology argues strongly against this possibility. In
vehicle (0.1% DMSO) in a 95% O2/5% CO2 atmosphere at 338C forthe rab3A knockout mice, the same synapses that were
30 min. The synaptosomes were trapped on a glass fiber filter (GF/B)
unable to exhibit mfLTP still responded to forskolin with and superfused at 338C with Krebs-bicarbonate buffer with a flow
increases in depolarization-triggered release, suggest- rate of 0.8 ml/min under continuous aeration with 95% O2/5% CO2.
ing that the different actions of forskolin coexist in the For experiments testing the effect of Ca21 on release, parallel su-
perfusions were performed with Krebs-bicarbonate buffer con-same synapses.
taining 0.1 mM EGTA instead of Ca21 (ªCa21-free Krebs-bicarbonateOur study opens up biochemical approaches to syn-
bufferº). After 10 min of initial superfusion (washing), two 1 minaptic plasticity. It reveals that at least one form of LTP,
fractions were collected to determine the basal glutamate release.
mfLTP, requires the direct modification of the secretory In a typical experiment a 30 s pulse stimulus (Krebs-bicarbonate
apparatus by cAMP. A late step in exocytosis, the Ca21- buffer containing 25 mM KCl) was then introduced to depolarize the
dependent fusion reaction, is affected which is part of synaptosomes. This stimulus parameter was chosen after prelimi-
nary studies (15 mM±50 mM KCl, 0.5±2 min) indicated that 20±25 mMa regulatory cascade that depends on rab3A. However,
KCl induced a reliable and largely Ca21-dependent (90%) increase inthe molecular bases for this action of cAMP in release
glutamate efflux. The stimulus was applied by rapid switching ofis unclear. During exocytosis, assembly of the core com-
the superfusion lines between regular Krebs-bicarbonate buffer with
plex is an essential step in fusion and could potentially or without Ca21 and the stimulation buffer. In addition to KCl depolar-
be the target of regulation (SuÈ dhof, 1995). This does not ization, synaptosomes were stimulated with a 30 s pulse of 0.5 M
appear to be the case here, however, as we found no sucrose in Krebs-bicarbonate buffer with or without Ca21, or with a
30 s pulse of 5 mM ionomycin in Krebs-bicarbonate buffer with orsignificant difference in core complex assembly be-
without Ca21. The superfusate was constantly collected, and itstween CA1 and CA3 synaptosomes as a function of
3H-glutamate content and that of the synaptosomes at the end ofcAMP. The rab3A effectors rabphilin and RIM are equally
the superfusion were determined by liquid scintillation counting.
present in most synapses, but forskolin selectively stim- Release of 3H-glutamate, expressed as the fractional release rate,
ulates their phosphorylation in CA3/mossy fiber syn- was calculated as the fraction of glutamate radioactivity released,
apses (Lonart and SuÈ dhof, 1998; unpublished observa- divided by the amount remaining on the filter at that particular time
point.tions). This suggests that the rab3A effectors rabphilin
or RIM may be responsible for the direct effect of for-
Measurement of Endogenous Glutamate Releaseskolin on the secretory apparatus. Future experiments
from Superfused Synaptosomeswill have to test whether rabphilin or RIM are essential for
This was performed essentially as described for the 3H-glutamate
mossy fiber LTP and whether phosphorylation regulates release except that the 3H-glutamate loading step was omitted and
their interaction with relevant target proteins. that a 1 min pulse of 20 mM KCl was used. The glutamate content
of the superfusate was determined after chemical derivatization by
HPLC with fluorometric detection (De Montigny et al., 1987).
Experimental Procedures
Knockout and Control Mice
Preparation of Synaptosomes rab3A knockout mice were described previously (Geppert et al.,
Synaptosomes from rat or mouse hippocampal CA1 and CA3 re- 1994 and 1997; Castillo et al., 1997). As a control, mice of the same
gions were prepared as described (Lonart and SuÈ dhof, 1998). The genetic background bred were used in parallel.
appropriate regions were dissected using the minor fissure and
hippocampal fissure as visual landmarks (Hortnagl et al., 1991). To
Analysis of the Core Complexpreserve the structures of the large mossy fiber nerve terminals, we
Synaptosomes pretreated with control buffer, forskolin, Sp-cAMPS,isolated CA3 region synaptosomes by manual homogenization in
or NEM were dissolved in SDS-PAGE sample buffer and analyzed1 mM MgSO4, 0.3 M sucrose, 15 mM HEPES-NaOH (pH 7.4) (Hajos with or without boiling by gel electrophoresis and immunoblot-et al., 1975; Terrian et al., 1988). The homogenate was passed
ting using mono- and polyclonal antibodies to SNAP-25, syntaxin,through 100, 60, and 40 mm mesh nylon filters and centrifuged at
and synaptobrevin. Immunoreactive bands were visualized using900 3 g for 10 min, which cosediments most of the large mossy fiber
125I-labeled secondary antibodies. To ensure that the 80 kDa bandnerve endings together with the nuclei while the small synaptosomes
that is abolished by boiling is due to core complex formation, theremain in the supernatant. The pellet was resuspended in 18% (w/v)
corresponding region was cut out of a gel, redissolved in sampleFicoll in 0.3 M sucrose and centrifuged at 16,000 3 g for 20 min to
buffer, boiled, and reanalyzed by SDS-PAGE and immunoblottingremove the nuclei. The large synaptosomes remained in suspension
for all three components.and were diluted with 10 vol of 0.3 M sucrose and pelleted by
centrifugation at 15,000 g for 20 min. Small synaptosomes from the
AcknowledgmentsCA1 region were prepared by gradient centrifugation modified from
Nagy and Delgado-Escueta (1985). The crude mitochondrial fraction
This study was supported by a Human Frontier Science Project(P2) was resuspended in 8.5% (v/v) Percoll (in 0.25 M sucrose solu-
grant, National Institutes of Health grants KO1 MH01505 and RO1tion containing 100 mM EDTA and 5 mM HEPES-NaOH [pH 7.4]) and
MH52804, and the Perot Family Foundation. We thank Ms. Shahnazlayered on top of 12% and 20% Percoll solutions. After centrifuga-
K. Sang for technical assistance, and Drs. E. Kandel, R. Nicoll, R.tion at 18,000 3 g for 30 min, the heavy synaptosomal fraction was
Malenka, M. S. Brown, and J. L. Goldstein for invaluable discussions.recovered from the 12%/20% Percoll interface. Percoll was removed
by adding 30 vol of 0.32 M sucrose and centrifuging for 20 min at
20,000 3 g. Pellets of both large and small synaptosomes were Received February 23, 1998; revised October 7, 1998.
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